We have previously measured the speed of sound in individual cells and cell pellets. Spheroids can be used to more accurately model nonvascularized tumors due to their three-dimensional growth pattern, cell-cell interaction, disorganized growth, and development of a necrotic core when grown to sufficiently large sizes. To examine cell death in spheroids due to necrosis or chemotherapy, quantitative ultrasound methods were used on the ultrasound backscatter power spectrum throughout the spheroid. MCF7 spheroids were probed at 55 MHz using a VEVO770 high frequency ultrasound machine, and at 80 and a scanning acoustic microscope. Changes in spheroid structure as the necrotic core develops were recorded and analysed. This work furthers our understanding of non-invasively identifying the viability of cancerous tumours.
Introduction
Multicellular spheroids have been used for decades as an in vitro model for cancerous tumours 1 . They represent a primary method for studying tumour growth 2 , cellular interactions in tumours 3 , protein interactions in tumours 4 , as well as modelling the basic structure of tumours 5 and gaining a better understanding of how and why chemotherapeutic agents induce cell death [3] [4] [5] . Both tumours and spheroids consist of two primary zones, each with different characteristics. The outer regions of both cancerous tumours and spheroids have access to nutrients due to their proximity to either well-formed blood vessels 6 or to nutrient rich media. The inner region of a tumour, with poorly formed, often leaky, and tortuous blood vessels 6, 7 is nutrient poor, as is the core of the spheroid, which does not have direct access to the media, relying on diffusion for both nutrients and gas exchange 8 . Spheroids therefore can be thought to mimic cancerous tumours, with growing "healthy" cells forming a shell around a necrotic core.
Previous studies have used high frequency quantitative ultrasound at 40MHz on packed cell aggregates 9 and acoustic microscopy at 375MHz 10 on individual cells to measure the speed of sound of viable cells. In the cell pellet, the viable cells measured at 40MHz were held together due to centrifugal force, rather than because of cellcell interactions. Conversely, the individual cells observed at 375MHz did have cell-substrate interactions, but lacked inter-cellular interactions. Qualitative ultrasound images of spheroids showing the contrast between the different layers have been previously published 11 however quantitative ultrasound characteristics are yet to be published.
Cellular interactions and packing are both expected to have significant effects on the speed of sound of spheroids. In this work, we observe the changes in quantitative ultrasound characteristics as MCF7 spheroids form and grow.
Materials and Methods

Cells and spheroids
MCF7 cells (Human mammary adenocarcinoma, obtained from Sunnybrook Hospital, Toronto, ON) were grown in DMEM media (Gibco, NY) produced from powder provided by the Princess Margaret Hospital (Toronto, ON) and supplemented with 10% FBS and 0.1mg/mL human insulin. Cells were incubated in this growth media at 37°C with 5% CO 2 , and passaged every 3 to 4 days to maintain an exponential growth phase until used for experiments.
Spheroids were formed using the hanging drop method 12, 13 , in growth media supplemented with 1ng/mL of β-estradiol (Sigma-Aldrich, Oakville, ON) and 2.5% matrigel (BDBiosciences, Canada). In brief, cells were suspended at a concentration of 5x10 6 /mL in the spheroid media, and 10µL drops were placed on the inside top lid of tissue culture flasks and inverted over growth media to maintain humidity. Spheroids were then grown for 1, 3, 5, or 7 days at 37°C, 5% CO 2 , at which point they were examined.
Ultrasonic investigation
High frequency ultrasonic investigations were completed at room temperature using a Vevo770 (VisualSonics, Toronto, ON), with a transducer with a nominal centre frequency of 55MHz. Spheroids were transferred from their hanging drops to a custom PlexiGlas 20 well plate, with a well depth of 3.04mm filled with PBS for quantitative ultrasonic measurements. The well plate rests on a Metric Tilt Platform (Edmund Optics, Barrington, NJ), which is used to ensure that the planar reflector at the bottom of the sample wells were perpendicular to the central A-scan line for the image.
Ultrahigh frequency investigations were completed using a Saarbrücken scanning acoustic microscope (SASAM) (Kibero GmbH, Saarbrücken, Germany), comprising of an Olympus IX81 inverted optical microscope fitted with a transducer with a nominal centre frequency of 80MHz above the sample stage enclosed in a system maintained at 36°C. Spheroids were transferred to polystyrene dishes filled with PBS at 36°C for quantitative measurements.
Theory and calculations
For the data collected using the Vevo770, speed of sound (SOS) in PBS, c PBS , was calculated using the known depth of the well, d well , the measured reference time from the bottom of the well, t well , and For the SASAM calculations, the speed of sound in PBS at 36°C was assumed to be 1520m/s. SOS measurements require the transducer surface to be parallel to the planar reflector used as a reference. For the Vevo770 measurements, the tilt platform was used to adjust the angle, which was verified on the ultrasonic images. For the SASAM the angle of the stage could not be adjusted, therefore t well is calculated for each point where speed of sound calculations were performed, as previously described 14 . In brief, the echo time for the substrate for three points during each scan was used to determine the equation of the plane in three dimensional space (x, y, t):
where A, B, and D for each scan were determined by calculating the vector normal to the plane.
For both methods, the SOS through the spheroids was then calculated using the time of the echos from the PBSspheroid interface, t PBS , the time to the interface between the spheroid and the bottom of the well, t spheroid , and the following equation The data from the Vevo770 were analysed in Matlab. The data from the SASAM were analysed using the custom Kibero software to manually select the peak reflections for SOS. Statistics were completed using one-way ANOVAs with Tukey post-Hoc analysis, and a significance of p=0.01 On day 1 and 3 the spheroids showed poor packing, with large open regions visible in the brightfield light microscopy images and the C-scan SASAM images ( Figure 1A, E) . As the spheroids grew, the packing became denser, with an inner sphere visible on D5 and D7 light microscopy images (Figure 1C, D) . These images show a growing outer region, and an interior dense region, as has been previously observed 11 . Spheroid organization was more difficult to identify in C-scan images, however were flatter in the images after being transferred. This may have been partially due to the loss of the outer, more loosely packed growing region as a result of the shear forces experienced by the spheroids during their transfer.
Results and Discussion
Spheroids
The SOS was calculated for samples at each time point and ultrasonic measurement frequency, as shown in Table 1 . Generally, speeds of sound were found to have much greater variations on the Vevo770, both for PBS measurements as well as within the spheroids, however the SOS was generally faster in the spheroids than in the PBS. For the SASAM, the SOS of PBS was assumed to be 1520m/s, and the spheroid SOSwere all found to be slightly faster. The SOS at the various time points were statistically significant between all pairs of SASAM data except between D1 and D5, and between D5 and D7.
The Kibero software produces B-mode images from the SASAM measurements, showing the internal composition of the spheroids (Figure 2) . At D1 and D3 (Figure 2a, b) the cells in the spheroids are loosely packed, with spaces visible between cellular regions, while at D5 and 7 (Figure 2c, d) , the size and number of gaps visible decrease significantly. This indicates that as the spheroids develop, there is an increase in cellular density. Regions with increased amplitude can also be observed in several B-mode images on D5. Using this region, the SOS was found to be 1589m/s, which is significantly higher than the average SOS in that spheroid. The spheroid SOS estimates from the Vevo770 varied greatly, with an average speed of 1510m/s, a value somewhat lower than the 1523 to 1535m/s previously found with packed cells 9 . SOS on the SASAM were more consistent over time, with an average of 1533m/s; this value is also lower than the 1582m/s previously found in individual cells 10 . This discrepancy between SOS in spheroids and both packed and individual cells is likely due to the regions of PBS within the spheroids which can be observed in the SASAM B-mode images. The PBS, with its significantly lower SOS would moderate the overall SOS in the spheroid, while large contiguous regions of spheroid would be characterized by higher a SOS. FIGURE 2: B-mode images from the SASAM through spheroids on D1 (A), D3 (B), D5 (C) and D7 (D). As spheroids develop, the cells condense, increasing the spheroid density, and reducing the gaps between cellular regions. On D5, a region with higher attenuation is clearly visible.
SOS estimates in spheroids have been found to be dependant not only on the packing and cellular density, but also on the presence of looser regions consisting mostly of PBS. Because of this, the SOS of an entire spheroid is significantly less than the SOS of an individual cell, however regions with SOS similar to individual cells can also be observed, indicating that different zones with different ultrasonic characteristics are present. A better
